Grey and whIte matter braIn network chanGes In frontotemporal dementIa subtypes abstract Background: Frontotemporal dementia (FTD) comprises of three clinical syndromes, behavioural-variant frontotemporal dementia (bvFTD), semantic dementia (SV-PPA), and progressive nonfluent aphasia (NFV-PPA) with unique underlying neuroanatomical deficits. To date, however, grey matter structural differences and their connecting white matter tracts in this network have been mostly characterised in comparison to controls, whereas within FTD subtype comparisons in the same patients have not been explored. Methodology: In 94 participants, including bvFTD (n = 16), SV-PPA (n = 16) and NFV-PPA (n = 16), as well as an age-matched control group (n = 46), we employed voxel-based morphometry (VBM) and diffusion tensor imaging (DTI) to examine grey and white matter key signatures in each of the three FTD subtypes. Results: Our results showed that bvFTD had specific ventromedial prefrontal cortex and striatum grey matter atrophy along with their connecting white matter tracts compared to other FTD subtypes. By contrast, SV-PPA showed additional temporal pole grey matter damage to bvFTD and grey and white matter temporal, amygdala and insula changes compared to NFV-PPA. Finally, NFV-PPA showed mild insula grey and white matter changes compared to bvFTD but differed from SV-PPA only on anterior corpus callosum white matter changes. Conclusions: Our findings clearly indicate that not only grey matter regions of the FTD network but also their white matter connecting tracts have specific signatures for each FTD subtype. These promising findings highlight how neural network approaches can shed new light on neurodegenerative conditions and FTD in particular, which will inform future diagnostic and disease management. keywords 
Introduction
Frontotemporal dementia (FTD) is the most common cause of early-onset dementia (age <65) after Alzheimer's disease (AD) [1, 2] . Clinically, FTD is divided into three subtypes: two language variants (a non-fluent variant [NFV-PPA] and a semantic variant [SV-PPA] also known as semantic dementia) and a behavioural variant (bvFTD) [3] . All three subtypes manifest distinct clinical and imaging features at presentation, which merge as the disease progresses.
Grey matter structural neuroimaging studies in bvFTD have shown symmetrical or predominantly right-sided atrophy of the ventromedial prefrontal cortex (VMPFC) early in the course of the disease as well involvement of the insula, temporal pole, anterior cingulate, striatum and amygdala compared to agematched controls which increases as the disease progresses [4] [5] [6] [7] [8] [9] . Subcortical atrophy is also emerging as a major component of bvFTD with bilateral involvement of the striatum, specifically the caudate and putamen, and the thalamus [10] . While less investigated, changes in white matter tracts have also been identified in bvFTD patients, particularly involving tracts connecting regions of atrophy such as the genu of the corpus callosum (GCC) and the anterior superior longitudinal fasciculus (SLF). Additionally, the uncinate fasciculus (UNC) and inferior longitudinal fasciculus (ILF) are also involved [11, 12] , thus revealing a comprehensive network of frontotemporal white matter damage in bvFTD.
In SV-PPA voxel-based morphometry (VBM) grey matter studies show a consistent pattern of focal bilateral temporal lobe atrophy in comparison to controls, which usually predominates in the left hemisphere, with the temporal pole and anterior fusiform gyrus being particularly affected [13] . In addition to these polar regions, the amygdala, anterior hippocampus, entorhinal cortex, are also commonly affected [14] [15] [16] . Other reports also highlight atrophy of extra-temporal regions, such VMPFC, anterior cingulate and insular cortices, particularly in the more advanced stages [2, 17] . Subcortical grey matter atrophy is mainly circumscribed to the caudate nucleus [18] . In keeping with the grey matter findings, white matter tracts within the temporal lobes are consistently affected with significant changes identified in the inferior longitudinal fasciculus (ILF) and uncinate fasciculus (UNC) [19] . Involvement of white matter tracts connecting temporal lobes to other cortical and subcortical regions have been also reported, such as in the anterior superior longitudinal fasciculus (SLF), arcuate fasciculus and genu of the corpus callosum [11, 20] .
Finally, NFV-PPA is characterised by asymmetrical grey matter with greater involvement of the left hemisphere [21] , with atrophy focused around the left inferior frontal cortex and insula [22] [23] [24] compared to controls.
More recent studies show hypometabolism and atrophy centred on the left anterior region of the insula specifically [25] . Nevertheless, NFV-PPA can also present with more dorsal prefrontal as well as anterior parietal lobe changes, and striatal caudate atrophy [2, 18] . The superior longitudinal fasciculus (SLF) tract undergoes the most severe changes in specifically the anterior part descending into the inferior frontal lobes and the posterior part descending into the posterior temporal lobe [11] . Dysfunction to the arcuate fasciculus is also commonly observed [11, 26, 27] .
In the light of these structural grey and 
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Voxel-based morphometry (VBM) analysis
Voxel based morphometry was conducted on the three dimensional T1-weighted scans using the FLS-VBM toolbox in the FMRIB software library package (http://ww.fmrib.ox.ac.uk/fsl/).
In a first step, brain extraction was performed on all scans using the BET algorithm [31] in FSL using a fractional intensity threshold of 0.22. Brain extraction was checked visually for all scans so that no brain matter was excluded.
Similarly, the scans were checked for whether any non-brain matter (e.g. skull, dura mater, The TFCE image is then turned into voxel-wise p-values via permutation testing. We employed a permutation-based non-parametric testing with 5000 permutations [35] . All patient vs.
control comparisons are reported at p < 0.05
after Family-wise Error (FWE) correction, all within-patient were tested at a significance level of p < 0.001, uncorrected and a cluster threshold of 20 contiguous voxels.
Diffusion tensor imaging (DTI) analysis
In a first step, the two DTI sequences were averaged for each participant, visually checked for field inhomogeneity distortions. They were further corrected for eddy current distortions In particular, corpus callosum, corticospinal tract and inter-hemispheric commissure were visually checked for fibre orientation information as they have some of the most consistent white matter orientations in the brain. Tract-based spatial statistics (TBSS) [36] from FSL were used to perform a skeleton-based analysis of white matter FA. FA maps of each individual subject were nonlinear co-registered using FNIRT [33, 37] 
Voxel-based morphometry and DTI analysis

Control comparisons
As can be seen in Figure 1 Table 2 .
SV-PPA vs. bvFTD
The SV-PPA group compared to bvFTD showed significantly more grey matter atrophy in bilateral temporal pole and amygdala regions, Translational Neuroscience More importantly, the within-subtype comparisons revealed that bvFTD patients showed significantly more grey and white matter changes involving the VMPFC and striatum compared to SV-PPA and NFV-PPA. In addition, bvFTD showed significantly greater changes in the right insula compared to SV-PPA, although they were relatively subtle.
Compared to NFV-PPA the bvFTD showed changes in temporal pole and amygdala regions. These findings further corroborate the specificity of the VMPFC [5] and striatum [40, 41] in bvFTD. VMPFC changes, in particular in orbitofrontal and anterior cingulate cortices in bvFTD [42, 43] , that have been associated with many of the classical behavioural features in the disease, notably disinhibition, apathy, loss of insight and reduced empathy [44] [45] [46] . The striatal contributions to bvFTD symptomology are less well established, although this region is consistently affected in this FTD subtype [47] . Recent findings suggest that the striatal changes in bvFTD might be related to inhibitory and apathy processes [48] . Comparisons between SV-PPA and the other FTD subtypes revealed that grey and white matter temporal pole changes are relatively specific to this group. This is unsurprising, as temporal pole grey matter atrophy has been 
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